Objective: To investigate the role of multiple distributed brain networks, including the default mode, fronto-temporo-parietal, and cingulo-opercular networks, which mediate domain-general and task-specific processes during speech production after aphasic stroke.
domain-generality. They observed default mode network (DMN) deactivation during all tasks, but mostly during speech. The DMN, a domain-general network, encompasses inferior parietal lobules, ventral medial prefrontal and posterior cingulate cortices, and somewhat more variably the lateral temporal lobes and hippocampi. 20 This network reliably demonstrates task-dependent deactivations that typically correlate with task difficulty. 9, 11, 20 However, the DMN contains multiple dissociable but interacting components involved in a variety of functions (semantic memory, episodic memory, decision-making, and internally directed cognition). 8, 9, 13, 14 Therefore, activity related to these cognitive functions may not be captured by net deactivation within specific regions of the DMN over the duration of a task. 8 The study also identified cingulo-opercular network (CingOper) activation that was specific to a nonverbal decision task, indicating its role in detection and response to salient stimuli. 4, 21 Activity within components of this network also increases with language tasks that require effort, and may support recovery from aphasia. 16, 22 CingOper is a domain-general network that can be active as part of a larger "multiple demand" system. 4, 12 Functional connectivity within and between these networks is disrupted in many pathologic processes. [23] [24] [25] [26] Although language after a stroke is dependent on residual function within language-specific networks, interactions with other domain-general networks may also play a role. 16 In the present study, we investigated propositional speech production after left hemisphere stroke. Here, speech production refers to multiple processes, ranging from concept formation to articulatory plan formation, and specifically excludes pure articulatory deficits such as dysarthria. We hypothesized that the relative balance of activity between domain-general and domain-specific networks would be altered in patients compared to healthy participants by amounts that correlated with measures of speech production. METHODS Participants. We enrolled 53 consecutive patients with left hemisphere infarcts and premorbid fluency in English (aged 62 6 14 years [mean 6 SD], male:female 5 1:0.7)
(figure e-1 and table e-1 on the Neurology ® Web site at Neurology.org). We excluded individuals with prior stroke resulting in aphasia, other neurologic illness, severe receptive aphasia, or inability to comply with fMRI tasks. We included 24 right-handed, age-matched English-speaking healthy participants (controls) (aged 57 6 11 years; years of education 16 6 1.8; male:female 5 1:4). See the e-Methods for cluster analysis of the patient group.
Standard protocol approvals, registrations, and consents.
The National Research Ethics Service approved the study. All participants gave informed consent prior to participation.
Behavioral assessments. We tested patients at approximately 4 months (111 6 27 days) poststroke using the Comprehensive Aphasia Test (CAT), 27 modified detailed quantitative analysis of speech production (spontaneous speech), 28 and shortened Raven Progressive Matrix Test. 29 Controls underwent the same assessments, except only the cognitive sections of the CAT were used. In-scanner measures of task performance were assessed in all participants (table 1 and e-Methods). The in-scanner appropriate information-carrying words (AICW) measure was related to imaging measures, since principal component analysis showed that AICW related best to a dominant fluency/phonology factor that explained most variance for all assessments (e-Methods). fMRI procedure. We acquired whole-brain fMRI data on a Siemens (Munich, Germany) Trio 3T scanner using gradientecho sequences (e-Methods). A 1 mm 3 T1-weighted image and field maps for registration purposes were also acquired approximately 4 months after ictus. We used sparse fMRI design to minimize artifacts associated with overt speech. 6 Across each session, the participants performed 3 fMRI runs, each consisting of 4 conditions (20 speech, 16 count, 16 decision, and 15 rest), performed over 7-second epochs. During speech, the participants defined colored pictures of objects. During count, they counted up from 1 at a rate of 1/s. During the rest trials, they simply viewed a fixation cross. For the decision trials, participants were required to press a button upon seeing a target (a blue square), inhibiting their response for a distractor (an orange circle). See e-Methods for more detail.
Extraction of time courses from the reference networks.
For fMRI data preprocessing, we used FMRIB's Software Library (www.fmrib.ox.ac.uk/fsl) and previously published methods (see e-Methods). 30 We then registered the preprocessed data to the Montreal Neurological Institute (152) standard space (e-Methods). We identified the reference networks of interest (LFTP, RFTP, CingOper, and DMN) using a temporalconcatenation group independent component analysis (ICA) 31 from the controls' data. ICA is a multivariate data-driven approach that separates data into maximally independent spatiotemporal maps (or components), each explaining a unique level of variance in the data, each with a time course that may relate to a coherent neural signal associated with a specific task, artifact, or both. Using this technique, functional networks with opposing directions of activity can be extracted, even if there is spatial overlap, making it advantageous over subtractive univariate analysis. 6, 7, 17, 32 The ICA in this study was set to decompose the control data into 55 components that included the DMN, LFTP, RFTP, and CingOper (figure 1A) based on our previous study of ICA at different dimensionalities. 6 In that study, ICA reliably extracted a consistent LFTP with a time course related to speech production at high dimensionalities (45, 50, 55, 60) but not at lower dimensionalities. In contrast, DMN, RFTP, and CingOper were consistently extracted at all dimensionalities. We extracted the time course from all the voxels in each of the 4 reference networks using regression analyses (for which each fMRI run was the dependent variable and the 55 spatial maps, including that of the 4 reference networks, was simultaneously entered as the independent variable).
For patients, we limited the time course extraction to nonlesioned tissue by including an individual-specific nonlesion mask in the regression step ( figure 1B) . For each patient, the same mask was applied to all fMRI runs from the controls. Thus, for each of the 53 patients a separate time course was derived for each control run, masking out the lesioned tissue allowing fMRI measures for each patient to be normalized (see below) against those of the control group. Using this method, we accounted for the heterogeneity of the lesions and effects on the estimation of network parameters when comparing to participants without lesions. The results were qualitatively similar when run without this normalization method.
Assessment of activity for each network during the speech task. We performed further regression analyses to assess activity of the 4 networks during speech compared to each baseline task (figure 1C). The task design matrix (independent variable) was regressed against the run-specific time courses of each reference network derived from the previous step (dependent variable) to estimate the effect size (b). We refer to the resulting group averages as network activations in the controls. In the patients, we normalized these against the patient-specific controls (i.e., controls with the same nonlesioned tissue as that of the specific patient) by subtracting the mean activation of all of the patient-specific runs in the controls from the patient's mean network activation, referred to as normalized activations. A value of normalized activation close to zero indicated similar network activity in patients and controls. Values above zero suggested higher activity in the network in the patients compared to controls and vice versa. We entered data for patients and controls separately into repeated-measures analyses of variance with contrast (speech . rest, speech . count, speech . decision) and network activations as within-subjects factors, using Greenhouse-Geisser correction.
Network measures and residual speech production after stroke. Since we hypothesized that the patients have altered relationships between networks, we investigated relative activation of the networks during speech by subtracting the normalized activations of the LFTP, RFTP, or CingOper from that of the DMN. We entered the resulting differential activations, as well as non-fMRI predictors (lesion volume, age, sex, and years of formal education) into a hierarchical multiple regression analysis to assess relation to speech performance (AICW). Decision task (% correct responses) 1 6 0.03 0.95 6 0.15
Decision task (median reaction time, ms) 0.37 6 0.1 0.37 6 0.1
Abbreviation: AICW 5 appropriate information-carrying words.
All study participants completed spontaneous speech production, the shortened Raven Matrices, and the cognitive subsets from the Comprehensive Aphasia Test (CAT). The patients completed all subsets of the CAT (identified as CAT ). Numbers in parentheses accompanying the CAT subsets refer to (aphasia cutoff score/maximum score). Data are mean 6 SD. Tests are nonparametric except for in-scanner speech measures, for which the data were normally distributed. a p , 0.005. b p , 0.05.
Figure 1
Methodology pipeline (A) We identified the reference brain networks using temporal concatenation group independent component analysis (ICA) that decomposed the control data into 55 components (published previously 6 We extracted time courses for each component using regression analysis, in which the spatial maps of the networks were entered as the independent variable. For patients, we performed an additional step creating a patient-specific control group for each patient, extracting the network time courses only in the nonlesioned brain. Finally, we normalized the time course of each patient to the patient-specific controls. (C) We also performed further regression analysis, using the task design matrix as independent variable and the extracted time courses as dependent variable. We examined resulting activations during speech in 4 networks (referred to as activations in healthy controls and normalized activations in patients). We also investigated activity of these networks relative to the DMN (differential activations). (D) We also entered the time courses into PPI analyses for estimation of the speech task-specific functional connectivity between networks. The dependent variable was the time course for the DMN. Independent variables are shown.
Psychophysiological interactions (PPI). PPI analyses are used to determine task-specific changes in the relationship between activity in different brain areas, a measure of functional connectivity. 33 We performed PPI analyses to determine the speech task-specific functional connectivity between the DMN and the networks whose differential activations predicted speech performance (i.e., LFTP and RFTP) (figure 1D and e-Methods). A positive parameter estimate (PPI) indicated an increase in the strength of speech task-specific functional connectivity. For each patient, the PPI values were normalized against the patient-specific controls (normalized PPI). Normalized PPI that was close to zero indicated that speech task-specific functional connectivity was the same in patients and controls.
RESULTS
Behavioral. The patients had reduced performance compared to controls on measures of spontaneous speech, verbal fluency, and in-scanner speech performance (table 1) .
Network activity during speech. Figure 2A shows network activations in controls. There was a main effect for activation (F 2.3,50.7 5 81.1, p , 0.001), no main effect for contrast (F 1.3,30.5 5 2.3, p . 0.1), and an interaction (F 4.6 , 105.3 5 74.1, p , 0.001). Post hoc comparisons indicated a larger mean activation of the LFTP during speech than at any baseline task. LFTP activation was higher than the other 3 networks, none of which was activated in any of the contrasts, and in many were significantly deactivated (p , 0.001). Figure 2B shows the network normalized activations in patients. There was no main effect for normalized activations (F 33.5,1,379 5 1.3, p . 0.2) or contrast (F 2,102 5 0.6, p . 0.6), but an interaction was present (F 3.9,203.3 5 8.5, p , 0.001). Post hoc t tests indicated that patients had similar levels of activity compared to controls except greater activity in the CingOper during speech . rest (p , 0.01) and speech . count (p 5 0.04), and reduced activity in the LFTP during speech . count (p , 0.01) (which, by extrapolation, was associated with greater LFTP activity in the contrast of count . rest in the patients relative to controls).
Altered differential activity between networks predicted residual speech production in a multiple regression model. We investigated differences in activity of task-positive systems (LFTP, RFTP, and CingOper) and the DMN in patients by subtracting normalized activation of the DMN from each of the other networks, using the contrast speech . rest ( figure 2C ). In addition, we investigated differential activation of CingOper for decision trials, a task that the patients performed well. The differential activations of these networks were higher in the patients (p , 0.01, Bonferronicorrected).
To investigate the relationship between these network measures and speech performance (AICW), we entered potential confounding variables (age, sex, lesion volume, and years of formal education) as predicting factors in the first step of the multiple regression model. The second step included the differential activations of the LFTP-DMN, RFTP-DMN, and CingOper-DMN (table 2) . The first step accounted for 39% of the variance in AICW (adjusted R 2 5 0.39, F 4,48 5 9.6, p , 0.001). Addition of the 3 fMRI predictors accounted for an additional 17%, explaining 56% of variance (adjusted R 2 5 0.56, F 7,45 5 10.6, p , 0.001). Thus, increasing differential activation between the LFTP-DMN positively predicted AICW (p , 0.001), while increasing differential activation between the RFTP-DMN (p 5 0.001) and lesion volume (p , 0.001) negatively predicted AICW. These predictors remained significant when using the out-of-scanner phonologic/fluency factor (derived from the principal component analysis, e-Methods) as the dependent variable, or when including subject-specific motion (average relative root mean square frame-wise displacement) as an extra predictor. Although normalized activation of the LFTP and DMN did not correlate independently with speech performance (p . 0.5), differential activation between these networks (r 5 0.3, p , 0.05, 2-tailed) correlated with speech performance. Differential activation between the CingOper-DMN during speech did not predict speech production ability, but its differential activation during decision trials (figure 2C) correlated negatively with reaction times on this task (r 5 20.41, p , 0.01) even when controlled for lesion volume (r 5 20.37, p , 0.01).
Altered functional connectivity between networks. Differential activation among LFTP, RFTP, and DMN correlated with residual speech production after stroke. Using PPI analyses, we investigated pairwise speech-task-specific functional connectivity, a measure of trial-by-trial relationship between networks. In controls ( figure 3A) 0.001 ). In the controls there was increased trial-by-trial negative correlation between the LFTP and DMN during speech ( figure 3C ), such that, as activity in the LFTP increased, activity in the DMN decreased. The opposite occurred in RFTP, i.e., as RFTP became less active during speech, DMN also became less active. PPI was the same for the contrasts of speech . rest and speech . count (p 5 0.5), suggesting that this interaction is the product of higher-level processes involved in speech rather than lowerlevel sensorimotor processes. Figure 3B shows normalized PPI values in patients. There was a main effect for network normalized PPI [F 1,52 5 17.8, p , 0.001], and an interaction [F 1.4,76.0 5 9.0, p 5 0.001], but no main effect for contrast [F 1.3,68.8 5 2.0, p 5 0.15]. The mean LFTP normalized PPI (0.94 6 0.04) was greater than the RFTP normalized PPI (20.19 6 0.04) (p , 0.001). Post hoc t tests confirmed that the LFTP normalized PPI was greater (p 5 0.009), while the RFTP normalized PPI was lower than in the controls (p 5 0.001). When the patients were performing the speech task, the normal negative correlation between activity in the LFTP and DMN and the normal positive correlation between activity in the RFTP and the DMN was reduced ( figure 3C ).
Test of network specificity. To test network specificity of these findings, we performed the above analyses on a network of noninterest (sensorimotor). The differential activation of this network in patients was similar to controls and did not predict speech performance in the multiple regression model. Similarly, there was no PPI difference in patients and controls for this network. DISCUSSION In this study, we emphasize the interactions between task-dependent activations and deactivations of brain networks, many remote from the site of infarction, for the production of propositional speech after left hemisphere stroke. This accords with the proposal that cognitive functions are the product of dynamic anticorrelated networks, 2, 34, 35 and that language depends on interactions among language-specific and domaingeneral systems. 15, 16 The balance of activity between the LFTP and DMN positively predicted speech performance; that is, the combination of higher activity in the LFTP and lower activity in the DMN was associated with improved speech production. Conversely, differential activation between the RFTP and DMN negatively predicted speech production; that is, high RFTP activity relative to the DMN was detrimental to speech production. These results are in agreement with reports of beneficial language effects after noninvasive inhibition of the right inferior frontal gyrus. 36, 37 The degree of deactivation in the DMN correlates with task difficultly. 9, 11 The increase in differential activation between networks in patients may relate to increased activity in the fronto-temporo-parietal networks, or increased deactivation in the DMN as the patients found the task more difficult, or both. Although relative activity between these networks correlates with behavioral outcomes after stroke, activity within individual networks alone does not. This may be a consequence of combining 2 weak individual associations with speech production. Alternatively, it may be an effect mediated by functional connectivity of the many subregions within the DMN. 7, 38 Patients showed altered speech task-specific functional connectivity between the LFTP and DMN . Shaded lines represent the taskindependent connectivity between the 2 networks. Solid line represents the speech task-specific functional connectivity in the controls. Curved arrows represent the direction of significant change in the PPI in the patients. When the patients performed the speech task, the normal trial-by-trial negative correlation between the LFTP and DMN was significantly reversed. Likewise, the normal correlation between the RFTP and the DMN during speech was also significantly reversed. **p 5 0.07; †p , 0.05; *p # 0.001; post hoc 2-tailed t tests.
relative to controls, so that the normal negative correlation between these 2 networks during the speech task was reduced ( figure 3 ). This reduction in speech task-specific functional connectivity is different from relative local changes in brain activity, as differential activity between these 2 networks was greater in patients compared to controls ( figure 2C ). Therefore, relatively reduced functional communication between brain regions occurred despite relative increased activity between the networks. Likewise, normal speech task-specific functional connectivity between the RFTP and the DMN that was seen in controls was reduced in patients. These changes in speech task-specific functional connectivity after left hemisphere stroke were observed in relation to higher-level processes associated with the speech task, and not influenced by the baseline task to which the speech task was related. We cannot definitively ascertain the underlying cause for the altered relationship between the fronto-temporo-parietal and the DMN seen in patients during the speech task. Throughout the 7-second epochs, the patients produced much less speech than the controls. One possibility is that they were trying to produce words, thus attempting to suppress the DMN and upregulate the LFTP, but with variable success depending on the degree of damage to pathways mediating communication between the 2 networks. Alternatively, they may have briefly disengaged from the task at intervals, resulting in upregulation of activity in the DMN with no upregulation in LFTP.
Although there was a reduction of overall DMN activity during the speech task in this study and others, 6,17 this does not imply that components of this network were not involved in the task: components of the DMN are involved in narrative language comprehension and production 39, 40 as well as semantic processing. 8, 9, 14 The speech task-specific LFTP is functionally connected to the posterior cingulate cortex, a node within the DMN. 7,17 Furthermore, we showed that the balance of activity between the DMN and the RFTP and LFTP predicts residual propositional speech production after stroke. Coordination between these networks may depend on common functional connectivity with components of the DMN in the posterior cingulate cortex 7, 17, 38 or the medial frontal cortex 6, 38 or may be indirectly driven by another distant source (e.g., thalamic innervation).
Other methods of analysis such as dynamic causal modeling (DCM) might elucidate if any causal relationship between these networks exists. However, application of DCM to data acquired by sparse sampling is methodologically suspect.
Only CingOper revealed increased activity during speech when comparing patients to controls. However, neither activity in this network nor its differential activation relative to the DMN during speech trials correlated with measures of speech production. Relative activity within CingOper compared to the DMN was also increased in patients compared to controls during decision trials, but for this task the relative activity correlated with performance on the decision trials in patients. This result indicates that CingOper is engaged in both communicative and noncommunicative tasks that require stimuli processing and response production; it also indicates that upregulation of its activity only contributes to performance when downstream domain-specific processes are intact, such as in the decision task.
Based on univariate analyses, increased activity in midline components of CingOper correlate with measures of language function after stroke. 22, 41, 42 However, correlation with language behavior reported in some studies and not others is expected, given the heterogeneity of patients and task designs. Furthermore, the midline frontal components of the networks lie in close anatomical proximity to one another, 6 therefore sampling this region with univariate analysis and assuming that it reflects the function of a single processing module 32 may be misleading.
For this study, we only included patients with relatively mild stroke (table e-1), in order to obtain informed consent and cooperation with task performance. Location of the lesions within the left hemisphere and size was variable, reflecting consecutive recruitment of patients admitted in a clinical setting. As selection was not based on lesion location within the left hemisphere, inferences regarding the effect of lesion location on the networks could not be tested. Instead, the network measures of interest were normalized in each patient against a case-specific control group matched for the lesion.
Although the 2 groups were not matched for education and sex, we accounted for this in the multiple regression model. One further caveat is that the findings should be tested in a group of patients with a right hemisphere stroke, to confirm behavioral specificity.
Our results indicate that communication depends on functional interactions among domain-general and task-specific networks and that aphasia after a focal infarct is associated with widespread disruption of these interactions. 15, 16 Whether this is the cause or consequence of the reduction in speech production cannot be determined from our results. Nevertheless, the altered relationship between networks following left hemisphere stroke suggests that a much broader approach to the rehabilitation of aphasia is required. Recent evidence indicates that targeted modulation of distant nodes within the same dysfunctional brain network in a disease state may be effective for improving outcome. 43 Therefore, stimulation within the LFTP network remote from the infarct and inhibition of the RFTP network may prove to be effective for modulating function of classic perisylvian language nodes or their mirror regions in the contralateral hemisphere.
